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Summary
Objective: Estrogens are suggested to play a role in the development of osteoarthritis as indicated by the increased prevalence in women after
menopause. We studied whether deletion of the estrogen receptor (ER) a, b, or both in female mice results in cartilage damage, osteophy-
tosis, and changes in subchondral bone of skeletally mature animals.
Methods: We studied knee joints of 6-month-old female ERa-/-, ERb-/-, and (double) ERa-/-b-/- mice and their wild type (wt) littermates. The
presence and size of osteophytes and osteoarthritic changes in cartilage were analyzed using histology. Changes in subchondral plate and
trabecular bone were studied using micro-CT.
Results: In ERa-/-b-/- mice, we observed an increase in number and/or size of osteophytes and thinning of the lateral subchondral plate. How-
ever, cartilage damage was not different from wt. In ERa-/- or ERb-/- mice, no signiﬁcant differences in cartilage damage score, osteophyte
formation, or subchondral plate thickness were found.
The bone volume fraction of the epiphyseal trabecular bone was unchanged in ERa-/- mice, increased in ERb-/- mice, and decreased in
ERa-/-b-/- mice.
Conclusions: We conclude that deletion of both ERs leads to increased osteophytosis, but deletion of one or both ERs does not lead to overt
cartilage damage in 6-month-old mice.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction ERb
9,10 and estrogens affect cartilage metabolism, as isIt has been suggested in literature that estrogen depletion
plays a role in the onset of osteoarthritis (OA). The inci-
dence increases with age in both women and men, but in
women, the incidence of OA increases dramatically around
the age of 501,2, coinciding with the onset of menopause.
Also in animal models a link between estrogen and OA
has been found. In several animal models, ovariectomy
leads to osteoarthritic changes3, and estrogen replacement
therapy reduces the cartilage degradation4,5. Estrogen acts
via the estrogen receptor (ER), which has two isoforms:
ERa and ERb. Several studies have reported associations
between polymorphisms in ERa and ERb with OA6e8.
Taken together, this argues for a role of estrogen in the
development of OA.
The effect of estrogen on OA may be directly via the
cartilage, since chondrocytes express both ERa and*Address correspondence and reprint requests to: H. Weinans,
Department of Orthopaedics, University Medical Center, Erasmus
MC, PO Box 2040, 3000 CA Rotterdam, The Netherlands. Tel:
31-10-7043367; Fax: 31-10-7044690; E-mail: h.weinans@
erasmusmc.nl
Received 2 October 2008; revision accepted 6 April 2009.
1356shown in in-vitro studies11,12.
Bone changes are also involved in OA13e18, and ERs are
expressed in osteoblasts19e21 and osteoclasts22,23. Accord-
ingly, estrogen may also affect OA via the bone. It is known
that deletion of ERs in mice leads to an altered bone pheno-
type24e26, although this has only been established for the
metaphysis, diaphysis, or lumbar spine, but not for the
epiphysis, which is in close contact with the cartilage and
might have a role in the OA process13.
We hypothesize that deletion of ERs in female mice leads
to osteoarthritic changes in the articular cartilage, osteo-
phyte formation and/or subchondral plate changes. Specif-
ically, we investigated presence and extent of cartilage
damage and osteophytes in the knee joints of female
ERa-/-, ERb-/-, and ERa-/-b-/- mice using histology and
bone changes in tibial epiphysis using micro-CT analysis.MethodsMICEKnee joints from female knockout (-/-) mice were obtained from two differ-
ent stables. Schering-Plough (previously Organon) provided knee joints from
ERa-/- mice, ERb-/- mice, and their wild type (wt) controls (all n¼ 6).
1357Osteoarthritis and Cartilage Vol. 17, No. 10Karolinska Institutet provided knee joints from wt (n¼ 8), ERb-/- (n¼ 5), and
ERa-/-b-/- mice (n¼ 12). The mice were generated in a C57Bl/6 background.
The ERa-/- mice were generated as described by Lubahn et al.27. The ERb-/-
mice from Schering-Plough were generated as described by Rose et al.28.
The ERb-/- mice from Karolinska Institutet were generated as described by
Krege et al.29. For the ERa-/-b-/- mice, the ERa gene was disrupted as de-
scribed by Lubahn et al.27 and the ERb gene was disrupted as described
by Krege et al.29. All mice were 6e7 months old. Approval was given by
the local animal ethics committees of Schering-Plough and Karolinska Insti-
tutet, respectively, and animal care was in accordance with institutional
guidelines.CARTILAGE ANALYSISKnee joints were decalciﬁed and embedded in parafﬁn. Frontal sec-
tions of knee joints were made (6 mm thick), which were stained with
HematoxylineEosin or Safranin-O. Due to a technical problem, sections
of one ERa wt mouse were lost. Both severity and extent of cartilage
damage were scored with the grading and staging scoring system de-
scribed by Pritzker et al.30. The medial and lateral tibia compartments
were scored blinded to the animals’ identity. Each compartment can get
a maximum score of 24. The scores of the two compartments were
added, resulting in a maximum total score of 48. The average score of
three to four sections (200 mm apart) per knee joint was calculated.OSTEOPHYTE ANALYSISThe presence or absence of osteophytes was scored in three histological
sections per knee joint. In each section, a value of 1 (osteophyte present) or
0 (no osteophyte) was assigned for medial and lateral tibia plateau. The av-
erage score of three sections was calculated for medial and lateral tibia pla-
teau, resulting in a score between 0.0 and 1.0 for each plateau (medial and
lateral). A high score (closer to 1.0) means that an osteophyte was present in
more sections, indicating a large osteophyte, or more (isolated) small osteo-
phytes. A score of 1.0 means that an osteophyte was present in all sections.BONE ANALYSISBefore decalciﬁcation for histology, the knee joints were scanned in a mi-
cro-CT scanner (Skyscan1072, Skyscan, Belgium) with isotropic voxel size
of 8 mm. The reconstructed datasets were segmented using a local threshold
algorithm31. Two regions of interest were selected in the tibia: the epiphysis
and the metaphysis (Fig. 1). The metaphysis was studied to validate our ﬁnd-
ings with literature data. Both regions of interest were further divided into
a cortical part and a trabecular part. In the cortical compartment of the epiph-
ysis (the subchondral plate), a region of interest was selected at the middle of
both the medial and lateral plateaus with a width of 0.5 mm (in medialelateral
direction) and a length of 0.8 mm (in anterioreposterior direction), represent-
ing the subchondral plate. For these regions the three-dimensional plate
thickness (PlTh) was calculated. For the trabecular compartment in the
epiphysis and metaphysis, bone volume fraction (BV/TV) and three-dimen-
sional trabecular thickness (TbTh) were calculated.Fig. 1. Regions that were analyzed in the tibia using micro-CT. A:
Cross-sectional image of proximal tibia. B: Epiphysis with subchon-
dral plate depicted in light gray. M¼medial; L¼ lateral. C: Epiphy-
sis with trabecular bone depicted in light gray. D: Metaphysis with
trabecular bone region depicted in light gray.STATISTICAL ANALYSISA non-parametric test, the ManneWhitney test, was used to compare data
of the knockout mice with the corresponding group of wt mice. A P-value of
<0.05 was considered signiﬁcant.
ResultsCARTILAGE AND OSTEOPHYTESNo difference in cartilage damage scores was found be-
tween knockout and wt mice [Fig. 2(A)]. The cartilage dam-
age was very mild ranging from 0.5 to 6.8 on a scale of
0e48. A representative image of cartilage damage is shown
in Fig. 3(A).
Small, mainly cartilaginous osteophytes were present at
the outer edge of the medial tibial plateau. In ERa-/- and
ERb-/- mice the osteophyte score was not different from
wt. However, in ERa-/-b-/- mice, more and/or larger osteo-
phytes were present compared to wt mice [Fig. 2(B)]. A rep-
resentative image of osteophytosis is shown in Fig. 3(B).BONEIn ERa-/- and ERb-/- mice, no difference in subchondral
PlTh was observed when compared with wt mice [Fig. 4(A
and B)]. In ERa-/-b-/- mice, the subchondral plate was thin-
ner (10%) than in wt mice, but only at the lateral side
[Fig. 4(B)].
The trabecular bone changes are summarized in Table I.
In epiphyseal trabecular bone, BV/TV was unchanged in
ERa-/- mice, increased in ERb-/- mice and decreased in
ERa-/-b-/- mice [Fig. 4(C)]. TbTh was lower in ERa-/-b-/-
mice than in the wt mice.
In the metaphysis, BV/TV was far greater in the ERa-/-
than in the wt mice [Fig. 4(E)] and TbTh was lower in
ERa-/- than in wt mice, Also in ERb-/- mice, metaphyseal
BV/TV was higher than in wt mice [Fig. 4(E)], although
the effect was smaller than seen in ERa-/- mice. In ERa-/-
b-/- mice BV/TV and TbTh were lower than in wt mice.
The changes in metaphyseal trabecular parameters are in
agreement with previous reports25,26.DIFFERENT STABLESThe wt mice corresponding to ERa-/- and ERb-/- mice
from Schering-Plough were signiﬁcantly different from the
wt mice corresponding to ERb-/- and ERa-/-b-/- mice from
Karolinska Institutet. The ERb-/- mice were available from
both stables, which allowed comparison between both
groups. The effects of deleting ERb relative to wt were
not signiﬁcantly different in mice from both stables. In
Fig. 5 the epiphyseal BV/TV of ERb-/- mice from both sta-
bles is shown. Since the number of animals from Karolinska
Institutet was higher, we decided to present the ERb-/- data
only from this stable.
Discussion
In the present study, we investigated whether deletion of
one or both ERs would lead to cartilage damage, osteo-
phyte formation or subchondral plate changes. Only in dou-
ble knockout mice (ERa-/-b-/-) increased osteophytosis and
thinning of the lateral subchondral plate, both osteoarthritic
features, were found. The cartilage damage was very mild
in all groups (knockout and wt mice) and no difference in
cartilage damage was found between the knockout and wt
mice at 6 months of age.
Fig. 2. Osteoarthritic parameters scored on histology in different groups of 6-month-old mice. A: Cartilage damage score of the tibia plateaus.
B: Osteophyte score for medial tibia. Error bars indicate S.E.M., ** indicates P< 0.01.
1358 Y. H. Sniekers et al.: Osteoarthritis in ER-knockout miceIn single knockout mice, no difference in cartilage dam-
age was found compared to wt. Deletion of one ER may
be compensated for by the other ER. We anticipated in-
creased cartilage damage in ERa-/-b-/- mice, as reduced
estrogen signaling by ovariectomy is described to increaseFig. 3. Representative histology images of knee joint of an ERa-/-
b-/- mouse. A: Surface ﬁbrillations and discontinuities at lateral tibia
plateau (indicated by arrow heads). B: Osteophytosis at medial tibia
plateau (indicated by arrow). F¼ femur, T ¼ tibia, GP¼ growth
plate.cartilage lesions in rats and monkeys4,5,33,34 and in mice
with surgically induced OA32. However, we observed no ef-
fect on cartilage damage. This may be explained by the fact
that ER-knockout mice lack the ER since birth, whereas in
the ovariectomy models estrogen is depleted at a later
age. Another difference is that ovariectomy does not only
lead to estrogen depletion, also progesterone levels de-
crease, and levels of follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) increase35,36. These hor-
mones may also be involved in cartilage homeostasis.
We did see more or larger osteophytes in ERa-/-b-/- mice.
A link between estrogen and osteophytes has been re-
ported: ovariectomy induced osteophyte formation in tem-
poromandibular joints of rats37 and polymorphisms in the
ERa gene are associated with osteophytosis6,38. In our
study, we observed no increased osteophytosis in the
single knockout mice, indicative of a compensation
mechanism.
We also analyzed subchondral PlTh, since this is the
bone structure closest to the joint and changes in sub-
chondral PlTh have been observed in previous OA stud-
ies15e18. In ERa-/-b-/- mice lateral subchondral PlTh
was decreased, which is also observed at early time
points in several osteoarthritic animal models14,15,39.
This thinning is unlikely to reﬂect a general diminished
cortical bone volume or thickness, because cortical
bone volume in the metaphysis was unchanged and cor-
tical thickness was even increased in our mice (data not
shown). The increased osteophytosis and changed sub-
chondral plate both indicate that there is some osteoar-
thritic development at the age of 6 months.
C57Bl/6 mice are known to develop OA spontaneously
from the age of 6 months40. We used 6-months-old mice
in this study, as waiting longer would increase the risk
that development of spontaneous OA might overrule a po-
tential acceleration of development of OA characteristics
due to loss of estradiol signaling. We saw no pronounced
cartilage damage in this study, although we cannot exclude
that this may develop at a later age.
The values of most parameters were different between
the groups of wt mice. This is most likely due to the different
origin of the mice (different breedings, different stables).
The ERb-/- mice were available from both stables, which al-
lowed comparison between ERb-/- mice from both stables.
We found that the effect of deleting ERb relative to wt mice
(e.g., increased BV/TV) was not different between stables,
indicating that the observed effects were independent of
the knockout strategy.
Fig. 4. Bone parameters calculated from micro-CT scans. A: Medial subchondral PlTh. B: Lateral subchondral PlTh. C: Epiphyseal BV/TV.
D: Epiphyseal TbTh. E: Metaphyseal BV/TV. Error bars indicate S.E.M., * indicates P< 0.05, ** indicates P< 0.01, *** indicates P< 0.001.
1359Osteoarthritis and Cartilage Vol. 17, No. 10In addition to the epiphysis, we studied the trabecular
bone changes in the metaphysis to validate our ﬁndings
with literature data. The changes in metaphyseal trabecular
parameters were in agreement with previous reports25,26.Table I
Trabecular bone changes in epiphysis and metaphysis. [ indicates
significantly higher than wt; Y indicates significantly lower than wt;









ERa-/-b-/- Y YDeletion of ERs resulted in less pronounced changes in
the epiphysis than in the metaphysis which is also seen af-
ter ovariectomy17,41 and after ovariectomy with estrogen
supplementation17. Apparently the epiphysis is responsive,
but less sensitive to estrogen than the metaphysis, indicat-
ing that the estrogen-ER system in control of bone metabo-
lism is different in metaphysis and epiphysis.
The bone changes in the single ER-knockout mice dif-
fered from those in the double ER-knockout mice and
from what is seen after ovariectomy, as has been reported
before. The effect of deleting one ER may be completely
compensated by the other ER or by other receptors in-
volved in the estrogen signaling, such as GPR3042.
Besides this, the serum estrogen levels are strongly in-
creased in the ERa-/- mice, and the expression of ERa is
increased in bones of ERb-/- mice26. High doses of estro-
gen given to ovariectomized ERa-/- mice could inhibit the
bone loss and even increase bone mineral density above
intact level43, suggesting that in the absence of ERa,
Fig. 5. Epiphyseal BV/TV of wt and ERb-/- mice from the two differ-
ent stables. Stable 1: Schering-Plough, both n¼ 6; Stable 2: Karo-
linska Institutet, n¼ 8 and n¼ 5, respectively. Error bars indicate
S.E.M., * indicates P< 0.05.
1360 Y. H. Sniekers et al.: Osteoarthritis in ER-knockout micehigh levels of estrogen can overcompensate the deletion of
one ER.
In conclusion, deletion of both ER a and b increased
osteophytosis but deletion of ER a and/or b does not lead
to overt cartilage damage in 6-month-old mice.Conﬂict of interest
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